Glucocorticoids are pivotal in the treatment of children with acute lymphoblastic leukemia (ALL) and have significant antileukemic effects in the majority of children. However, clinical resistance is a significant problem. Although cell line models implicate somatic mutations and loss of heterozygosity (LOH) of the glucocorticoid receptor (GR) gene as a mechanism of in vitro glucocorticoid resistance, the relevance of this mechanism as a cause of clinical resistance in children with ALL is not known. Mutational screening of all coding exons of the GR gene and LOH analyses were done in a large cohort of relapsed ALL. We show that somatic mutations and LOH of the GR rarely contribute to relapsed disease in children with ALL. However, we report the second case of ALL with a somatic mutation of the GR involving a 29-bp deletion in exon 8 and resulting in a truncated protein with loss of part of the ligand-binding domain. There was no evidence of a remaining wild-type allele. Allele-specific PCR detected the mutated clone at day 28 after presentation, which persisted at a low level throughout the disease course before relapse several years later. We hypothesize that the mutated allele present in a leukemic subclone at initial diagnosis was selected for during remission induction with glucocorticoids and contributed to the emergence of a glucocorticoid-resistant cell population. (Cancer Res 2005; 65(21): 9712-8) 
Introduction
Synthetic glucocorticoids, such as dexamethasone and prednisolone, are pivotal in the treatment of childhood acute lymphoblastic leukemia (ALL) due to their relatively specific effect of inducing apoptosis in cells derived from the lymphoid lineage. Their effects are mediated by the glucocorticoid receptor (GR), a member of the nuclear receptor superfamily, which has a typically modular structure composed of a DNA-binding domain, a ligandbinding domain, and two transactivation domains. In the absence of ligand, the GR is held in an inactive cytosolic complex that includes several proteins, including heat shock proteins 70 and 90, but after ligand binding the complex dissociates and the ligandbearing receptor translocates to the nucleus, modulating the transcriptional activity of numerous target genes by both DNA binding-dependent and DNA binding-independent mechanisms.
The molecular basis of glucocorticoid sensitivity and similarly resistance is poorly understood and is the subject of much debate (most recently reviewed in refs. [1] [2] [3] [4] . However, in vitro and mouse model studies indicate that a DNA binding-dependent mechanism with direct activation or repression of target genes is necessary for steroid-induced lymphocytolysis (5) (6) (7) . Inherited germ line alterations have been identified in individuals with endocrinological glucocorticoid resistance syndromes and include both point mutations and small deletions of the GR gene (8) (9) (10) (11) (12) (13) . In cell line models too, the acquisition of a steroid-resistant phenotype is frequently associated with complete or partial deletion or point mutations in the GR gene (5, (14) (15) (16) (17) . Mutations are found in all domains of the GR protein and cause a functional disruption that alters glucocorticoid responsiveness (18) . The majority of in vitro studies have been carried out with the CCRF-CEM cell line originally derived from a child with T-cell ALL at relapse (19) . This cell line carries the L753F mutation in exon 9 of the hGR and was recently detected in archived lymph node biopsy material from the patient from whom the cell line was derived (20) . This was the first reported example of a somatic mutation in the hGR in a patient with ALL. The fact that the mutation was present in only a subpopulation of the cells and that it renders the GR functionally hemizygous suggests that hGR mutations, if they occur, may be selected for during steroid therapy and contribute to clinical resistance. This suggests that the most apt time to investigate the presence of GR mutations in clinical samples is at relapse after glucocorticoid-based chemotherapy, particularly because in vitro sensitivity assays show that leukemic blasts at relapse are 20-to 300-fold more resistant to glucocorticoids than at diagnosis (21) .
In this study, we have screened the entire coding region of the GR for somatic mutations and loss of heterozygosity (LOH) in a large cohort of relapse blasts from children with ALL after prolonged glucocorticoid therapy. We show that both mutation and LOH of the hGR can be identified at relapse but that this only occurs in a minority of cases and describe the second case of ALL with somatic mutation of the GR in vivo.
Clinical details of patient cohort. Cases comprised 50 children (<16 years) diagnosed with ALL between 1981 and 1998 while resident in the Northern Region of England. All diagnoses, remission, and relapse events were pathologically confirmed. Patients were treated according to several different protocols, all of which included glucocorticoid administration during remission induction and subsequent phases of therapy. Studies were done with permission of the local ethics committee.
Clinical history of patient 8871. Patient 8871 presented at age 2 years with a WBC count of 9.2 Â 10 9 /L. Immunophenotypic markers were typical of common ALL (TDT + , CD19 + CD10 + , and HLA-DR + ) and the blasts were CD34 + (71%) with an L1 morphology. Cytogenetic analyses detected normal metaphases as well as those bearing a t(8:14)(q24:q11). Cerebrospinal fluid (CSF) contained four blasts with 70 RBCs and, therefore, by definition was considered CSF negative. Induction chemotherapy included 40 mg/m 2 prednisolone for 5 weeks, two additional 5-day pulses during intensive treatment, and monthly prednisolone for 5 days at the same dose. A day 8 marrow sample showed 72% blasts, but clinical remission was achieved by day 28. The patient also received anthracyclines and etoposide as well as intrathecal methotrexate as central nervous system (CNS) prophylaxis. Eighteen months into treatment, he relapsed with CNS disease. Relapse treatment included craniospinal radiotherapy and prednisolone. A further relapse with testicular disease occurred 15 months after relapse treatment began and he then received a bone marrow transplant. Neither prednisolone nor dexamethasone was used at this stage. Bone marrow relapse occurred 10 months later and palliation included prednisolone and vincristine. He died 3 months later.
DNA extraction and PCR. Genomic DNA was extracted from mononuclear cell preparations of peripheral blood or bone marrow aspirates or CCRF-CEM cells using either a standard phenol chloroform method or QIAmp DNA Minikit (Qiagen Ltd., Crawley, Sussex, United Kingdom). Selected exons and flanking intronic sequences were amplified using PCR in 50 AL reaction volume containing 50 to 100 ng DNA, 2.5 mmol/L MgCl 2 , 100 Amol/L deoxynucleotide triphosphate, 0.2 Amol/L each of forward and reverse primers, 1.25 units Taq polymerase (AmpliTaq Gold, Applied Biosystems, Warrington, United Kingdom), and 1Â accompanying PCR buffer. Primer pairs were either designed using OMIGA software (Accelrys, Cambridge, United Kingdom) using variables recommended by Transgenomic (Crewe, United Kingdom) or were those described in Ruiz et al. (12) . Sequences of forward and reverse primers, the appropriate annealing temperature for each pair, and size of the amplicons are given in Supplementary Data. PCR conditions were an initial 10-minute denaturation at 95jC, a touchdown protocol of 20 seconds at 94jC, 1 minute at +7jC above annealing temperature, and 1 minute at 72jC (À0.5jC for 14 cycles) followed by 20 cycles of 20 seconds at 94jC, 1 minute at optimal annealing temperature, and 1 minute at 72jC with a final 7-minute extension at 72jC. Synthesis of an appropriately sized amplicon was confirmed by standard agarose gel electrophoresis.
Heteroduplex formation and denaturing high-performance liquid chromatography. Before denaturing high-performance liquid chromatography (DHPLC), DNA heteroduplexes were formed in a thermal cycler as follows: initial denaturation (95jC, 5 minutes) and annealing/stabilization (start at 94jC for 2 minutes with a À1jC touchdown until 4jC). DHPLC was done using a Wave 3500 system (Transgenomic) with a DNA Sep cartridge and a gradient of 0.1 mol/L triethyl ammonium acetate in 25% acetonitrile against 0.1 mol/L triethyl ammonium acetate. The running conditions and the selected temperature to induce partial denaturation of the each amplicons were predicted by Wavemaker software (Transgenomic) and are shown in Supplementary Data. Sample injection volume was 10 AL and eluted PCR products were detected using a UV detector set at 260 nm.
To prevent false-negative results that may occur due to both mutation and LOH of the GR in the same sample, all amplicons showing homoduplex peaks were spiked with a similar amount of known wild-type amplicons determined from area under curve readouts of the homoduplex peaks. Heteroduplex formation was then carried out and the samples were rerun by DHPLC. All samples that showed altered chromatographic profiles indicative of a genetic change were reamplified and rerun by DHPLC. If the altered pattern was replicated, samples were subsequently sequenced as described below.
Microsatellite analysis. Primers for microsatellite analysis of the dinucleotide repeat at the D5S207 locus were obtained from Research Genetics Inc. (Huntsville, AL). The forward primer was fluorescently labeled using a Beckman WellRed dye D3. PCR was done in a Perkin-Elmer 9700 GeneAmp PCR system (Applied Biosystems). One microliter of each PCR product was combined with 40 AL deionized formamide and 0.25 AL size standard 400 (Beckman Coulter UK, High Wycombe, Bucks, United Kingdom) labeled with Beckman WellRed dye D1 and analyzed using CEQ2000XL (Beckman Coulter UK) for automatic sizing of fragments using a fluorescent detection method.
Sequencing. PCR product (100 AL) was purified using a QIAquick PCR purification kit (Qiagen) with a final elution volume of 30 AL and then sequenced using both forward and reverse primers with the ABI Version 3 BigDye terminator cycle sequencing kit and analyzed on an ABI Prism DNA sequencer (Applied Biosystems). Sequence alignments were carried out using OMIGA software. The nomenclature used for single nucleotide polymorphisms (SNP) follows that of Bray and Cotton (18) and uses the Genbank accession no. NM_000176 as the reference sequence. The National Center for Biotechnology Information (NCBI) SNP annotation is also quoted.
Reverse transcription-PCR. Total RNA was extracted from 5 Â 10 6 patient cells and CCRF-CEM cells using a RNeasy kit (Qiagen) following the protocol of the manufacturer. First-strand cDNA synthesis was then carried out with 3 Ag RNA using a Superscript kit (Invitrogen Ltd., Paisley, United Kingdom) primed with random hexamers according to the guidelines of the manufacturer. cDNA (3 AL) was then used in a PCR reaction with primers positioned in GR exons 7 ( forward primer sequence GTACGACCAATG-TAAACACA) and 9 (reverse primer sequence CTCGGGGAATTCAATACT). The products were visualized by standard methods. Allele-specific PCR. Allele-specific PCR was done with a forward primer spanning the 29-bp deletion (AAAGCCATTGTTGCAG) and a wild-type reverse primer (ACCAACATCCACAAACTG). PCR was carried out with 50 to 100 ng genomic DNA extracted from bone marrow aspirates taken at various intervals during the clinical course of patient 8871, and amplicons were visualized by standard agarose gel electrophoresis.
Results
Somatic mutations in GR are rarely found at relapse in childhood acute lymphoblastic leukemia. The entire coding region of the GR a (exons 2-9a, inclusive) was screened at the genomic level by DHPLC in a cohort of 50 relapsed ALL blasts. DHPLC chromatographic profiles were scored as homoduplex, heteroduplex, or homoduplex with altered retention time (see Table 1 ). For exons 2b, 3, 4, 6, and 7, all samples showed single homoduplex peaks both before and after spiking, indicative of a wild-type GR sequence. In exon 2a, two samples showed distinctive homoduplex and heteroduplex peaks, which after sequencing were identified as bearing both E22E and R23K SNPs (rs6189 and rs6190; Fig. 1 ). Similarly, in exon 2c, altered chromatographic profiles found in six samples were found after sequencing to be due to the presence of the N363S SNP (rs6195). For exons 5 and 9, homoduplex and heteroduplex peaks were identified both before and after spiking. For exon 5 amplicons, 14 samples scored as heteroduplex before spiking were found to be heterozygous for the intronic IVSD À16 G/T SNP (rs6188) that precedes the start of exon 5. In addition, four samples that scored as homoduplex prespiking were scored as heteroduplex after spiking with a characterized sample known to be homozygote (GG) and were shown after sequencing to be homozygote (TT) for this SNP. Similarly, seven samples with heteroduplexes of exon 9 amplicons were identified as being heterozygote for the synonymous N766N T/C SNP (rs6196) and three samples showing heteroduplexes after spiking were found to be CC homozygotes.
For exon 8 amplicons, all samples were judged as generating a homoduplex profile; however, one sample (patient 8871) reproducibly showed a single homoduplex peak with a reduced retention time, eluting at 5.4 minutes rather than 6 minutes ( Fig. 2A) . Direct sequencing of exon 8 amplicons from the relapsed sample from patient 8871 revealed a deletion of 29 bp causing the creation of a premature stop codon 42 bp downstream. The resultant protein is predicted to be truncated with the latter 14 amino acids deviating (Fig. 2B) . Analyses of remission samples, which served as a source of constitutive DNA, confirmed that this D702 mutation was not present in the germ line of this patient but was a somatic mutation associated with the leukemic blasts.
Expression of the mutated allele by reverse transcription-PCR. Nonsense mutations in GR upstream from the terminal coding exon usually result in loss of mRNA expression (9, 20) . We investigated the expression of the D702 deletion by reverse transcription-PCR (RT-PCR) analyses of exons 7 to 9 of the GR in samples of patient 8871 at relapse and of CCRF-CEM cells, which served as a wild-type control (Fig. 3) . Expression of the mutated allele, 29 bp shorter than the wild-type allele, is evident in the patient sample; however, there is complete absence of a wild-type allele. CCRF-CEM cells, as expected, expressed a wild-type allele only.
Tracking of the #710 mutation from presentation to bone marrow relapse. Allele-specific PCR using a forward primer spanning the deletion allowed tracking of the GR mutated clone in sequential bone marrow aspirates taken at presentation, clinical remission, CNS and testicular relapse when there was no morphologically detectable bone marrow involvement, at bone marrow relapse, and finally after glucocorticoid-based therapy when there was no clinical response (Fig. 4) . The mutated clone was not apparent at presentation or in day 8 bone marrow aspirate that contained 70% blasts but was first evident in a day 28 remission sample and then at a low level throughout the disease course. Using a dilution series of relapse blasts added to normal peripheral blood, the sensitivity of the allele-specific PCR was judged to be between 0.1% and 1%.
Loss of heterozygosity at the GR locus is rare at relapse. The absence of a wild-type homoduplex with normal retention time by DHPLC and lack of expression of appropriately sized wild-type mRNA transcripts is indicative of LOH of the wild-type GR allele. To confirm this, microsatellite analyses of the dinucleotide repeat at the D5S207 locus, 200 kb upstream of the GR gene, in samples of patient 8871 were done. The presence of two alleles was apparent in both remission and presentation samples (136 and 138 bp) but only one (138 bp) in the relapse sample, indicative of LOH (Fig. 5) . Thus, relapsed blasts in patient 8871 have mutation of one GR allele and loss of the other allele.
To expand investigations of LOH of the GR at relapse in ALL, a cohort of paired relapse and remission samples, the latter serving as constitutive DNA, was analyzed by DHPLC for those GR exons bearing the most common polymorphisms (exons 5 and 9) as well as for the D5S207 microsatellite by capillary electrophoresis. Of 30 paired samples analyzed, 20 were informative for the exon 9 N766N T/C and/or the exon 5 IVSD À16 G/T SNPs and/or the dinucleotide microsatellite. In contrast to relapse samples from patient 8871, all other relapse samples retained heterozygosity at the microsatellite or GR SNP loci.
Discussion
Despite mutations and LOH of the GR being the predominant mechanism for steroid resistance in leukemic cell line models, our mutational screening study of the entire coding region of the GR in a cohort of ALL samples at relapse found mutations along with LOH in only 1 of 50 patients. This low incidence is in concordance with one other clinical study carried out by Soufi et al. (22) , which failed to detect any GR mutations in the leukemic cells of patients with chronic lymphocytic leukemia. The disparity between the incidences of mutations/LOH in cell line models compared with clinical samples may be due to an unusual combination of genetic aberrations coexisting in the most commonly used cell line, CCRF-CEM. The evidence indicates that all parent glucocorticoid-sensitive CCRF-CEM cell lines already have one mutant GR allele (i.e., L753F; ref. 23) , which results in an activation-labile receptor with diminished functional capability (14) . In addition, they have been recently characterized as carrying a mutation in the MLH1 gene, an important component of the postreplicative mismatch repair pathway (24) . This mutation renders them functionally mismatch repair deficient (25, 26) ; thus, DNA polymerase errors occurring during normal DNA replication fail to be corrected, resulting in an increased basal mutation rate. Thus, the presence of an existing GR mutation concomitant with a higher mutation rate may explain the disparity between leukemia cell lines and clinical samples. This hypothesis is supported from studies in our laboratory, which show that mismatch repair defects are not a predominant feature in childhood ALL (25) . Intriguingly, the leukemic blasts from patient 8871 carried the rare t(8;14)(q24;q11), which results in the overexpression of c-myc (27) . Due to its interaction with components of the mismatch repair pathway, myc overexpression has been shown to partially inhibit mismatch repair activity (28) . The establishment of glucocorticoid-resistant leukemic cell line clones from a parent cell line that is mismatch repair proficient and possesses two wildtype GR alleles may reveal alternative glucocorticoid resistance mechanisms other than GR mutations.
DHPLC screening detected previously characterized SNPs, including the E22E and R23K, N363S, IVSD À16G/T, and N766N (18) , and validates our methodologic approach. The allele frequencies determined in our patient cohort are similar to those reported in other studies-E22E and R23K 198G/A and 200G/A, 0.98/0.02; N363S 1220A/G, 0.93/0.07; IVSD À16G/T, 0.78/0.22; and N766N 2403T/C, 0.875/0.125 (29, 30) . Although most GR polymorphisms do not affect receptor function, the N363S polymorphism present in f3% to 6% of the population is associated with increased sensitivity to GC (31) . Although one might speculate that patients heterozygous for the N363S SNP may have a better prognosis, the similar frequency of the N363S allele in this relapsed ALL population study compared with a cohort at presentation suggests this is not the case. 3 The leukemic blasts at relapse in patient 8871 have loss of one GR allele and a 29-bp deletion of the other allele. Previous studies suggest that mutations in the GR that introduce a premature stop codon are not associated with the expression of mutated mRNA transcripts due to nonsense-mediated decay (9, 20) . The D702 mutation identified in patient 8871 is expressed at the mRNA level; however, to what degree is unclear without a quantitative assessment. However, any resultant protein is predicted to be truncated with loss of the last 75 amino acids of the steroid-binding domain and with the addition of 14 amino acids deviating from the wild-type sequence at its new COOH terminus. A similar predicted protein with loss of the last 67 residues, due to the nonsense mutation Q710X, has been described in a glucocorticoid-resistant subclone of the CCRF-CEM cell line. Radioreceptor assays of this cell line revealed complete loss of ligand-binding activity (15) . Thus, the leukemic blasts of patient 8871 at bone marrow relapse with only one mutant D702 GR allele have no intact functioning GR and were clinically unresponsive to glucocorticoid-based therapy.
Thus, this is the second report of a somatic mutation of the GR in leukemic blasts, the first being the detection of L753F bearing minority subclones in clinical material of the patients from which the cell line CCRF-CEM was derived (20) . Acquisition of the D702 GR allele in our patient could be detected as early as day 28 after presentation and persisted for several years before overt bone marrow relapse. Whether the D702-bearing clone at this point still possessed a wild-type GR allele, which was subsequently lost during treatment, or whether both GR hits occurred simultaneously is not known. The former possibility seems more likely and in vitro studies have shown that complete or partial deletion of the GR can occur both spontaneously and after treatment with several agents, including bleomycin, chlorambucil, and methotrexate, the latter being a key component of all ALL protocols (32, 33) . Nevertheless, whether there was hemi or complete loss of GR functionality, the direct correlation between GR concentration and glucocorticoid sensitivity (34) supports a mechanism in which partial or complete loss of GR functionality in a minority clone results in the selection of this relatively steroid-resistant population during glucocorticoid therapy and may contribute to clinical relapse.
In summary, our results indicate that somatic mutations of the GR rarely contribute to relapsed disease in children with ALL. We describe the second example of a patient with ALL with an acquired mutation of the GR , evident in only a subpopulation of cells soon after diagnosis, emerging as the dominant population at relapse with associated clinical steroid resistance. Our study also suggests that residual blasts enriched after steroid therapy may be the more pertinent cells to investigate glucocorticoid resistance mechanisms because, at presentation, a glucocorticoid-sensitive population may predominate, masking glucocorticoid-resistant minority subclones. 
